Introduction {#sec1-1}
============

Neuroendocrine tumors (NETs) are a group of heterogeneous somatostatin receptor-expressing tumors that often display subtle symptoms and signs. Patients, therefore, often present at a stage when the disease is advanced, and treatment options are limited.\[[@ref1]\] The frequent expression of somatostatin receptors (SSR) enables quantitative positron emission tomography/computed tomography (PET/CT) imaging of these tumors with the added possibility of delivering targeted radionuclide therapy to such lesions.\[[@ref2][@ref3]\] For the past 20 years, peptide receptor radionuclide therapy (PRRT) in its many forms have been used either alone or in combination with other treatment modalities.\[[@ref4][@ref5][@ref6]\]

There are several patient and tumor-related factors that have been linked to disease outcome. These include the Ki-67 index, the plasma chromogranin A level, patient age, and prior therapies received.\[[@ref7]\] All these factors may impact on the success of PRRT.

However, there has never been a report of this technique within an African setting where there are a number of key factors which may affect treatment. These include delayed access to appropriate health care and the presence of comorbidities. The aim of this review was to determine if the results of PRRT in an African setting match those reported from the rest of the world.

Materials and Methods {#sec1-2}
=====================

This was an observational open-label Phase II trial investigating the use of PRRT in otherwise untreatable NETs.

Patient selection {#sec2-1}
-----------------

Patients included in this study consisted of those who were eligible for PRRT by having a biopsy-proven NET which was incurable by surgery alone. In addition patients were either considered inappropriate for chemotherapy or biological therapies and had at least completed two cycles of Lu-177-DOTATATE (LuTate). Only patients who provided informed consent were included in this study. Patients who underwent both baseline and follow-up evaluation with ^68^Ga-DOTATATE (GaTate) PET/CT were included in a subgroup analysis to evaluate the possible use of quantitative measures.

Imaging {#sec2-2}
-------

Baseline imaging consisted of any of the following:^111^ In-octreotide/ ^99m^Tc-Tektrotyd or ^68^Ga-DOTATATE-PET/CT (depending on availability at referral center). PET imaging with ^68^Ga-DOTATATE was performed 6 months post treatment completion to evaluate treatment response. Interim treatment response evaluation was based on post therapy whole-body imaging (±single-photon emission computed tomography \[SPECT\]/CT) of Lu-177-DOTATATE. These images were acquired at 1, 4, and 24 h post therapy administration on a GE Hawkeye-1 SPECT/CT camera. Three nuclear medicine physicians evaluated the 24 h images of consecutive cycles to assess treatment response.

Positron emission tomography/computed tomography acquisition {#sec2-3}
------------------------------------------------------------

Study participants were imaged on a Siemens Biograph 40 PET/CT scanner 60 min after intravenous (IV) administration of ^68^Ga-DOTATATE. Both oral and IV contrast was administered, except where a contraindication such as inadequate kidney function or an allergy to iodine existed. Images were acquired in three-dimensional mode with a 4 min emission scan for each of, on average, 7--9-bed positions (matrix size 512 × 512) from the skull base to the pelvis. Reconstruction of images with and without CT-based attenuation correction was done using ordered subset expectation maximization to yield axial, sagittal, and coronal slices. For diagnostic CT, the following parameters were used: collimation of 24 mm × 1.2 mm, gantry rotation time of 500 ms, tube voltage of 120 kV, effective tube current of 100 mAs with online tube current modulation, and table speed of 18 mm/rotation. Contrast enhancement was achieved by IV administration of 100 mL of non-ionic contrast material (Ultravist; Bayer HealthCare Pharmaceuticals) at a rate of 2 mL/s.

Measurements and interpretation {#sec2-4}
-------------------------------

The metabolic tumor volume (MTV) was determined for the primary tumor and/or metastatic lesions with OsiriX MD using a three-dimensional sphere with a volume of 3 cm^3^ and isocontour set at 40% of the maximum standard uptake value (SUVmax). Values were rounded off to the first decimal \[[Figure 1](#F1){ref-type="fig"}\].

![A 66-year-old male with a transitional cell type meningioma. A three-dimensional sphere with a volume of 3 cm^3^ and isocontour set at 40% of maximum standard uptake value was used to calculate the metabolic tumor volume in OsiriX MD, (a). A transverse fused PET/CT image of the tumour involvement is displayed in (b)](WJNM-17-86-g001){#F1}

Progression-free survival (PFS) was calculated in months from the first cycle of therapy received until progression was noted on post therapy imaging or ^68^Ga-DOTATATE PET/CT. Overall survival (OS) was calculated for 15 patients from the date of first therapy to the date of their death (in months). Freedom from progression (FFP) was calculated in months from the date of first therapy for as long as the patient demonstrated a partial response or stable disease.

Therapy details {#sec2-5}
---------------

Eligible patients with confirmed inoperable NETs were treated with an average dose of 7.4 GBq of Lu-177-DOTATATE IV in 50 mL of N/Saline run over 15 min following pretreatment with 1500--2000 mL of an arginine (25 g)/lysine (25 g) amino acid mixture. This mixture was administered over 4 h, and the start of the infusion preceded the therapeutic dose of LuTate by at least 30 min.\[[@ref5][@ref8]\]

Ondansetron (4--8 mg IV) and dexamethasone (4 mg IV) were administered as part of prophylaxis, and analgesics were prescribed and administered when needed.\[[@ref9]\]

Patients were also provided with a diet tailored to the requirements of NET patients.

Statistical analysis {#sec2-6}
--------------------

Descriptive statistics were used to report on patient characteristics, imaging parameters, results of special investigations, and disease outcomes. Summary statistics are presented as mean (standard deviation) for parametric data distribution or as median (interquartile range \[IQR\]) for nonparametric data. Numbers or percentages are reported where appropriate. Regression analysis was performed to evaluate which of the following factors could be significantly associated with survival: age, chromogranin A level, Ki-67 (\>10), tumor stage and grade, previous therapies, and their performance status (Eastern Cooperative Oncology Group \[ECOG\]).

Statistical analysis was performed with STATA version 12.0 (Quantec), StataCorp 800-STATAPC (Lakeway, College Station, Texas, USA) and statistical significance was defined as *P* \< 0.05.

Results {#sec1-3}
=======

Patient characteristics and treatment details {#sec2-7}
---------------------------------------------

The patient population consisted of 26 males (54%) and 22 females (46%) with a mean age of 58 years (±12) and ECOG performance status of mostly 0 (48%) or 1 (46%), with 4% and 2% of patients, respectively, classified as ECOG 2 and 3. Patients tended to present at an advanced disease state with multiple sites of metastatic involvement \[[Figure 2](#F2){ref-type="fig"} and [Table 1](#T1){ref-type="table"}\].

![A ^68^Ga-DOTATATE whole body image 57-year-old male with a primary neuroendocrine tumor in the small bowel with widespread metastases to the skeletal system](WJNM-17-86-g002){#F2}

###### 

Patient characteristics and number of treatments given

![](WJNM-17-86-g003)

The majority (67%) of our patients received up to four cycles of PRRT over a median treatment duration of 8 months. The remaining patients (33%) received an additional two cycles of PRRT \[[Figure 3](#F3){ref-type="fig"} and [Table 2](#T2){ref-type="table"}\]. In most instances (28%), the primary tumor was located in the small bowel, followed by pancreatic NET (16%), whereas in 36%, the primary tumor could not be identified but was suspected to originate from the small bowel \[[Figure 4](#F4){ref-type="fig"}\] and [Table 3](#T3){ref-type="table"}. Tumor grading varied mostly between Grades 1 (37%) and 2 (40%) with only 8% of patients treated with Grade 3 tumors. Chromogranin A levels ranged from 26 to 60,290 with a mean value of 3054.6 ± 9908.1.

![A series of post therapy whole body ^177^Lu-DOTATATE images of a 65-year-old male patient with carcinoid syndrome and partial response to therapy. Imaging at 24 h post therapy at cycles three, four, five and six, demonstrates the benefit of the addition of two more cycles](WJNM-17-86-g004){#F3}

###### 

Prior treatments, complications, and subsequent treatments

![](WJNM-17-86-g005)

![The different types of neuroendocrine tumors in our patient population. The majority of metastatic neuroendocrine tumors were suspected to originate from the small bowel](WJNM-17-86-g006){#F4}

###### 

Site of primary tumor and tumor grade

![](WJNM-17-86-g007)

Forty-six of our patients (95%) had received therapy before PRRT, either in the form of chemotherapy (50%), therapy with long-acting somatostatin analogs, surgery, external radiation therapy, therapy with I-131-metaiodobenzylguanidine, or a combination of the aforementioned treatment modalities. Twenty-five patients (50%) received (and failed) at least two forms of therapy before their referral for PRRT \[[Table 1](#T1){ref-type="table"}\].

Regression analysis identified the patient\'s ECOG status as the only factor that was statistically significantly linked to disease outcome (*P* = 0.026).

Complications {#sec2-8}
-------------

No significant permanent renal complications occurred in this group of patients, and bone marrow suppression was documented in 11 patients (23%), which most notably affected the platelet count. Grade IV toxicity was present in two patients who required transfusions. One of these patients was a diabetic with hypertension who was therefore predisposed to such complications \[[Table 2](#T2){ref-type="table"}\].

Disease outcome {#sec2-9}
---------------

At the end of 4--6 cycles, 22 (46%) patients were classified as having stable disease, 20 (42%) patients demonstrated a partial response \[Figures [5](#F5){ref-type="fig"} and [6](#F6){ref-type="fig"}\], and 6 (12%) demonstrated progressive disease. These patients were referred for chemotherapy after confirming the presence of de-differentiated disease of ^18^F-fluorodeoxyglucose (^18^F-FDG) PET/CT \[[Figure 7](#F7){ref-type="fig"}\].

![A 55-year-old man with an unresectable neuroendocrine tumor of the midgut, following one cycle of therapy with ^177^Lu-DOTATATE. Upon completion of therapy, the mass was deemed surgically resectable](WJNM-17-86-g008){#F5}

![A 60-year-old male patient with a metastatic neuroendocrine tumor. Imaging at 24 h post therapy at cycles one, two, three and four, demonstrate a good response to therapy](WJNM-17-86-g009){#F6}

![A 70-year-old male patient with a metastatic neuroendocrine tumor. He deteriorated clinically despite a partial response demonstrated on post therapy imaging. Subsequent ^18^F-fluorodeoxyglucos positron emission tomography images (a-c) demonstrated widespread de-differentiated disease on the MIP (a) involving the skeletal system (b) and liver (c), and he was subsequently referred for chemotherapy](WJNM-17-86-g010){#F7}

The median PFS was 20 months with an IQR~25%--75%~ of 4.5--30 months \[[Figure 8](#F8){ref-type="fig"}\]. The median FFP was 32 months with an IQR~25%--75%~ of 25--40 months and the median OS was 10 months with an IQR~25%--75%~ of 5--24 months.

![Kaplan--Meier graph to evaluate the median time to progression (20 months)](WJNM-17-86-g011){#F8}

Over the treatment period of 51 months, the mortality rate was 15/48 (31%).

The mean OS was 10 months \[[Figure 9](#F9){ref-type="fig"}\] (range 1--28 months) and patients had a median age of 58 years. Our patients received a median of four cycles over an 8 months treatment duration and demonstrated the following tumor grades: Grade 0 (6%), Grade 1 (60%), Grade 2 (27%), and Grade 3 (7%). They were not significantly different from the group of patients with a longer survival although the authors acknowledge the limitations of such a small subgroup comparison.

![Kaplan--Meier graph with 95% confidence intervals to evaluate the median overall survival time (10 months)](WJNM-17-86-g012){#F9}

Subgroup analysis to evaluate the possible use of metabolic tumor volume {#sec2-10}
------------------------------------------------------------------------

Eligible patients were those who had at least completed four cycles of PRRT, who and who had both a baseline and a follow-up Ga-68-DOTATATE PET/CT (*n* = 18).

Patients included eight males and ten females with a median age of 58 years, which ranged from 29 to 74. The majority of patients had more than five sites of involvement upon presentation and had failed several other forms of therapy before PRRT.

The mean PFS was 23.2 months (+/-11.57) and ranged from 4 to 45 months. MTV of the primary tumor resulted in a median value of 30.6 (1.9--85.1). A two-way scatter plot demonstrated an association between lower MTV values and a higher PFS.

Preliminary results suggest an inverse association between MTV with PFS, which requires further validation \[[Figure 8](#F8){ref-type="fig"}\].

Discussion {#sec1-4}
==========

Numerous problems surround both the diagnosis and treatment of NETs and these are generally well documented. Some of the more important ones include the late-stage presentation of many of these patients, the accurate localization of the primary tumor, misleading or unreliable chromogranin A levels, and differences in tumor biology between the primary tumor and its metastatic deposits, resulting in obtained Ki-67 values that are not always representative of the entire disease burden. Tumor behavior can also change, leading to a loss of somatostatin receptor expression or de-differentiation.\[[@ref1]\]

Patient factors that have been associated with the disease outcome following PRRT include patient age, primary tumor site, tumor histology and stage, the Ki-67 index, the Karnofsky performance status, the tumor burden (especially the liver burden), and the baseline neuron-specific enolase level.\[[@ref7]\] In our study, the patient\'s ECOG status was statistically significantly linked to survival, with a higher ECOG predisposing to a worse outcome.

The roles of ^68^Ga-DOTATATE PET/CT and ^18^F-FDG PET/CT are complimentary in that imaging with ^68^Ga-DOTATATE enables the accurate staging and treatment response evaluation of well-differentiated NETs, while imaging with ^18^F-FDG enables the visualization of any areas of de-differentiated disease. Both of these imaging options, therefore, contribute significantly to directing therapy to the most appropriate form. The choice of imaging is generally based on the Ki-67; a lower value suggests better differentiation and therefor favors imaging with ^68^Ga-DOTATATE compared to a higher value that suggests poorer differentiation and suitability of FDG-PET imaging \[[Figure 4](#F4){ref-type="fig"}\].\[[@ref4][@ref10][@ref11]\] Conflicting reports exist regarding cutoff values, and ideally patients should be imaged with both modalities to accurately assess the most appropriate form of therapy. The associated costs, logistics, and radiation burden considerations unfortunately do not always allow for this, especially in a resource-poor setting.\[[@ref12]\]

The addition of or decision to change to chemotherapy is usually considered in the presence of de-differentiated disease. Chemotherapeutic agents such as sunitinib and everolimus have been evaluated for the treatment of advanced well-differentiated NETs. The RADIANT-4 randomized controlled trial compared the efficacy and safety of everolimus to that of a placebo and reported an increase in PFS in the everolimus arm. Sunitinib appears to be another promising agent for use in this setting.\[[@ref13]\]

The quantification possibilities offered by PET imaging are to date not optimally used and may potentially form an integral part of patient management with regard to treatment response evaluation, prognostication, dosimetry, and in the individualization of patient therapy plans. Semi-quantitative measures, which may overcome some of the subjectivity of qualitative evaluation, include SUVmax/mean/peak, MTV, total lesion glycolysis, and various tumors to background ratios. A study by Kim *et al*. on the prognostic value of volume-based metabolic parameters in twenty patients with p-NETs reported MTV as a significant independent prognostic factor on F-18-FDG PET/CT.\[[@ref14][@ref15][@ref16]\] Our preliminary results from our subgroup analysis similarly demonstrated an association between lower MTV values and a higher PFS \[[Figure 10](#F10){ref-type="fig"}\].

![Scatterplot with regression line of best fit to evaluate progression-free survival as a function of the molecular tumor volume of metastatic lesions. The graph illustrates that the progression-free survival has an inverse relationship to the molecular tumor volume](WJNM-17-86-g013){#F10}

Should imaging demonstrate localized disease that is amenable to surgery, this obviously remains the treatment modality of choice. Patients with metastatic or inoperable disease, who demonstrate significant tracer accumulation into the tumor and/or metastatic lesions (Krenning score of 2 and above),\[[@ref17]\] and who have adequate renal and bone marrow parameters, generally qualify for therapy with Lu-177-DOTATATE/TOC/NOC.\[[@ref18]\] Other treatment approaches include the use of Y-90-DOTATATE/TOC/NOC either alone or in combination.\[[@ref5]\]

PRRT is generally well tolerated with relatively mild side effects reported. The most important PRRT-related side effects include nephrotoxicity and suppression of the bone marrow.\[[@ref19]\] In the largest study of its kind (807 patients), Bodei *et al*.\[[@ref20]\] reported severe nephrotoxicity in only 1.5% of patients and hematological toxicity Grades 1 or 2 in around 80% of patients. Severe hematotoxicity occurred in just under 10% of patients. The group also found that persistent toxicity was associated with a shorter duration of PRRT from the first to the last cycle and that nephrotoxicity was more likely to occur in patients treated with Y-90-based PRRT either alone or in combination with Lu-177-DOTATATE.\[[@ref3][@ref20][@ref21]\] We similarly found that the most important side effects were related to bone marrow suppression with the most pronounced effect noted on the platelet count.

Further exciting developments include the use of targeted alpha therapy, with Bi-213-DOTATOC as has been first reported by the Heidelberg group.\[[@ref22]\] We have also treated a number of patients with Bi-213-DOTATATE with similarly promising results. Other novel possibilities include the use of various hybrid imaging modalities.\[[@ref23]\]

At our center, patients referred for PRRT tend to have already reached the end of their therapeutic options, with nuclear medicine considered as a type of "last resort." These patients have mostly undergone surgery, are frequently on long-acting somatostatin analogs, and are generally at an advanced stage in the disease. Treatment with somatostatin analogs is widely regarded as a first-line therapeutic option in patients with NETs. Although initially prescribed for symptom control in carcinoid syndrome, an anti-proliferative effect has also been described.\[[@ref24]\] What is clear is that the results of PRRT in our center are comparable with those results published from other centers in Europe.\[[@ref19][@ref20][@ref21]\]

The NETTER-1 trial is the first Phase III multicentric, stratified, open, randomized, controlled trial to evaluate PRRT in patients with inoperable, progressive, somatostatin receptor positive midgut NETs and compare it to a somatostatin analog. Their preliminary results (from 230 patients randomized to receive either PRRT 8-weekly or octreotide LAR 60 mg every 4-week) indicate a clinically meaningful and statistically significant increase in PFS for patients with advanced midgut NETs treated with PRRT when compared to octreotide.\[[@ref25]\] Again, our results are not at a significant variance from this result.

In the South African setting (as previously mentioned), patients are frequently referred for PRRT at a very advanced stage of the disease and often as a last resort. At present, PRRT is not funded in the public health sector and as such only a small number of patients with medical aids are able to afford and receive therapy with LuTate. Even in these cases, not all of the medical aids are willing to reimburse the costs of these therapies considering that many of these patients have already exhausted their oncology funding at the time of referral to PRRT. The costs of long-acting somatostatin analogue therapy in South Africa rival that of one cycle of LuTate. PRRT with Lu-177-DOTATATE in our setting has led to a median PFS of 20 months in the absence of major side effects with patients generally reporting a high quality of life.

There are significant costs involved in the management of patients with NETs. Funders should, however, consider the possible cost savings associated with offering and funding a theranostic approach that consists of a diagnostic GaTate PET/CT and therapeutic Lu-Tate at an earlier stage, rather than as a last resort.\[[@ref8]\] A cost-effectiveness study from the funders' perspective would be very interesting indeed.

Study limitations {#sec2-11}
-----------------

Limitations of this study include the heterogeneous group of patients in terms of primary tumor site, presence of carcinoid syndrome, and various stages of referral with various prior therapies received. Many of our patients were not imaged initially with ^68^Ga-SSR PET, which limited the number of patients available for quantification evaluation and possible prediction of side effect occurrence. Due to the limited patient numbers, statistical analysis to determine which factors may possibly predict a poorer outcome could not be performed. Similarly, due to the patient numbers, it was not possible to compare whether there was a statistically significant difference in the occurrence of side effects between those patients who received four cycles of therapy compared to those who received more than four cycles.

Conclusion {#sec1-5}
==========

Our subgroup analysis demonstrated an inverse association between metabolic tumor volume with PFS, which requires further validation. PRRT with Lu-177-DOTATATE resulted in a median PFS of 20 months in patients with inoperable NETs in the absence of significant side effects.
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